A keratinolytic protease, secreted as the major component by a feline clinical isolate of Microsporum canis cultivated in a minimal medium containing cat keratin, was purified by affinity chromatography on bacitracin-agarose and gel filtration. The apparent molecular mass of the enzyme was 31·5 kDa and the pI was 11·8. The enzyme was not glycosylated and its first 15 N-terminal amino acids showed numerous similarities with other fungal subtilisins. The optimum pH was around 9 while inactivation of the enzyme was reversible at pH 4, but not at pH 11. The enzyme was stable at 37°C with an apparent optimum temperature around 55°C. PMSF, soybean trypsin inhibitor (SBTI) and chymostatin strongly inhibited the proteinase. The highest affinity (K m of 0·37 m) and physiological efficiency (k cat /K m ) were obtained for the synthetic substrate N-Suc-Ala-Ala-Pro-Phe-p-nitroanilide. These results indicate that the keratinase belongs to the subtilisin-like serine protease family. Purified rabbit immunoglobulins G prepared against the keratinase and used in an immunohistochemical test allowed the detection of the keratinase produced by the fungus invading hair structures in naturally infected cats. The in vitro keratinolytic activity of the enzyme and its production in vivo suggest that it may contribute to pathogenicity.
Introduction
disease both in humans and animals [2] . Therefore, a better understanding of the factors responsible for the Microsporum canis is the most common zoophilic establishment of the fungus and its pathogenicity in dermatophyte of humans. The cat is considered to be cats is of major importance. the natural host and a possible reservoir for this
There is some evidence suggesting that proteinases fungus [1, 2] . The diverse patterns of the infection in produced by the dermatophytes play an important M. canis-infected cats [1] are poorly understood but role in the pathogenesis of skin infections. Besides the have important implications in the epidemiology of the provision of nutrients [3] , they appear to be involved in host tissue invasion [4] and the control of host Keratinases have been isolated from different fungi, tein was eluted with a linear gradient of salt (65 ml-65 ml, 1·5  NaCl) in Tris buffer, at a flow rate of 40 ml h −1
. including the dermatophytes Trichophyton rubrum [7, 8] and Trichophyton mentagrophytes [9] [10] [11] , and two other Fractions (2·3 ml) with proteinase activity were pooled, concentrated by ultrafiltration using an Amicon YM 10 keratinophilic fungi Hendersonula toruloidea [12] and Scopulariopsis brevicaulis [13] , both implicated in membrane and applied to a 96×2·5 cm ACA 44 column (Biosepra, Villeneuve-la-Garenne, France) equilibrated human onychomycosis. Special attention has been paid recently to M. canis proteinases [14] [15] [16] . However, their with 50 m ammonium bicarbonate. Fractions (2·8 ml) with proteinase activity were pooled and applied to a potential keratinolytic activity was investigated primarily by two groups [17] [18] [19] . The first group [17, 18] second bacitracin-agarose column (1·5×1 cm) as above. All procedures were carried out at 4°C. purified a 45 kDa keratinase and suggested that it was probably a serine proteinase. The second group [19] purified a 33 kDa keratinolytic proteinase but data are
Molecular characterization and analytical procedures
lacking about its biochemical characterization. FurProtein concentrations were determined using the Pierce thermore, the putative role of both enzymes in vivo, protein assay kit, based on the Bradford method [21] . especially in the natural feline host, was not studied.
SDS-PAGE was run under reducing conditions, esThis work describes the isolation, purification and sentially as described by the supplier of the electrocharacterization of a keratinase from a feline clinical phoresis equipment (Pharmacia-Hoefer Biotech, isolate of M. canis. Moreover, immunohistochemistry Uppsala, Sweden). Molecular mass markers were the was used to assess the production of the enzyme in the low-range standards from Bio-Rad Laboratories (Herhair of naturally infected cats.
cules, CA, USA). Isoelectric focusing was run in an immobilized [8] [9] [10] [11] [12] Materials and methods pH gradient prepared by copolymerization of vinyl buffers (immobilines) and acrylamide/bisacrylamide, esMicrosporum canis strain and culture conditions sentially as described previously [22, 23] . Immobiline Microsporum canis strain IHEM 10157 (Brussels, Belconcentrations were calculated by the computer progium) was originally obtained from a hair-coat brushing gram, 'Dr pH' from Hoefer. of an asymptomatic carrier cat. The isolate was propHexose content was determined by a phenol-H 2 SO 4 agated on Sabouraud glucose liquid medium containing test [24] . chloramphenicol (0·05%) at 27°C in 150 cm 2 culture N-terminal amino acid sequence was carried out flasks. For enzyme production, the fungus was inusing a Perkin Elmer sequencer type Procise. Sequence oculated in 10 l of a liquid minimal medium containing alignment search was partially performed using the cat keratin (52 g l
−1
). This medium consisted of glucose BLASTP method [25] . (0·05%), inositol (0·005%), pyridoxine (0·001%), thiamine (0·001%), 2 m MgSO 4 in 28 m phosphate buffer Enzyme assays pH 7·8 [10] supplemented with antibiotics (200 U ml −1 penicillin and 200 g ml −1 streptomycin). Cat keratin For keratin degradation, 1 ml samples were incubated consisted of ≈2-mm cat-hair cuts washed with soft soap, with 3 mg of keratin azure (Sigma Chemical, St Louis, water-rinsed, dried at room temperature and sterilized MO, USA) for 24 h at 37°C. The degradation of the with ethylene oxide. The time-course production of the substrate was estimated by measuring the absorbance keratinolytic enzyme was monitored in triplicate cultures at 595 nm of the supernatants after centrifugation. All sampled regularly between days 1 and 14.
the assays were run at least in triplicate. Standard assay of subtilisin-like activity was carried out at 25°C using 1 m N-Suc-Ala-Ala-Pro-Phe-p-
Purification of the keratinolytic proteinase
nitroanilide (AAPF-pNa; Sigma) as substrate in Tris buffer. Activities were recorded in a thermostated UviThe extracellular fluid was separated from hair and fungal mat by filtration through Whatman no. 1 filter kon 931 spectrophotometer and were calculated using an extinction coefficient for p-nitroaniline of paper and concentrated 400-fold by ultrafiltration using an Amicon YM 10 membrane (Amicon, Beverly, MA, 8480  −1 cm −1 at 410 nm [26] . All assays were performed in triplicate, except for the fractions collected during USA). The filtrate was then centrifuged for 10 min at 12000 g and applied to a bacitracin-agarose column the chromatographic steps.
Kinetic parameters
affinity chromatography on Protein A-agarose (BioRad), according to the manufacturer's protocol. The kinetic constants were determined from the initial Western blotting was essentially performed according rates with several peptide-pNa substrates (Sigma). The to standard protocols [28] . After completion of electrodata were plotted and the Michaelis-Menten equation phoresis with culture supernatant, the gel was transused to calculate K m values. Four to 10 points were measblotted onto an Immobilon membrane (Millipore, ured for each plot with substrate concentrations varying Bedford, MA, USA) for 1 h at 0·05 A in 10 m CAPS from 0·1 m to 5 m depending on the substrate.
buffer, pH 10·5. The blots were saturated overnight at 4°C with PBS containing 5% bovine serum albumin (Sigma) and 0·25% gelatin (Merck, Darmstadt, GerTemperature, pH optimum and stability many). Blots were then incubated for 1 h in a 1/2500 The thermodependence of the activity and stability of dilution of the purified polyclonal IgG in dilution buffer the purified enzyme was determined using the standard (PBS-blocking buffer 50:50, volume:volume). Afterassay described above. For determination of the apwards, they were incubated for 1 h in a peroxidaseparent optimum temperature, the reaction was carried conjugated swine antirabbit immunoglobulins Ig fracout at temperatures ranging from 25 to 80°C. The effect tion (Dakopatts, Glostrup, Denmark) diluted 1/1000. of temperature on the enzyme stability was investigated Bands were visualized using precipitating tetraby measuring the residual activities after a 15-min to 2-methylbenzidine (Diagnostic Biosystems, Fremont, CA, h incubation of the proteinase solution at 25, 37, 50 and USA). Wash steps were performed by rinsing the blots 60°C. The determination of the optimum pH was pertwice with PBS 0·02% Tween 80 and twice with dilution formed using the standard assay except that the substrate buffer for 15 min. Controls consisted of primary antiwas prepared in a 10 m dimethyl sulphoxide (DMSO) body omission or incubation with pre-immune rabbit stock solution before being dissolved in three different serum. buffers each covering different pH ranges. These buffers consisted of Teorell-Stenhagen buffer [27] (7 m citrate, 7 m Na 2 HPO 4 , 12 m H 3 BO 3 , pH 2-12), Sorensen
Histochemistry and immunohistochemical detection of buffer (50 m glycine, 50 m NaCl, pH 6-13), and 50 m proteinase in M. canis-infected cats CAPS buffer (pH 8·5-13). The pH stability was evaluSkin biopsies were collected from three naturally inated using the standard assay except that the purified fected cats presenting culture-positive ringworm lesions. enzyme was pre-incubated in a fourfold concentrated Samples were fixed in 10% neutralized formalin and Teorell-Stenhagen buffer at pH 4, 7·5 and 11 for times paraffin-embedded for routine processing. Five-mranging from 30 min to 50 h. thick sections were prepared for periodic acid-Schiff (PAS) and immunohistochemical staining. For the lat-
Inhibition assays
ter, all the experiments were carried out at room temperature. An extensive description of the procedure was Inhibitors (all purchased from Sigma, excepted soybean published earlier [29] . Briefly, after incubation with the trypsin inhibitor (SBTI) from Fluka, Buchs, Switprimary antibody diluted 1/50 in 0·05  Tris buffered zerland) were pre-incubated with the purified enzyme saline, pH 7·6 (TBS) for 30 min, the slides were rinsed for 10 min at 25°C and tested for activity using the and placed in TBS baths. Prediluted antirabbit imstandard assay.
munoglobulin biotinylated secondary antibodies (LSAB Plus kit, Dakopatts) were applied for 15 min.
Antibody production and immunoblots
Slides were washed, placed in TBS and incubated for 15 min with streptavidin conjugated to alkaline phosThe SDS-PAGE gel band corresponding to the kerphatase (LSAB Plus kit, Dakopatts). Subsequently, the atinolytic proteinase was cut out, lyophilized, ground slides were rinsed in TBS and New Fuchsin (Dakopatts) and suspended in 0·15  phosphate buffered saline, was used as chromogen for 5 min. The sections were pH 7·5 (PBS). One rabbit was given a first immunizing washed in distilled water, counterstained for 3 min injection of ≈40 g of keratinase mixed with an equiwith Mayer's haemalum and mounted with Glycergel valent volume of complete Freund's adjuvant (Difco, (Dakopatts). Controls consisted of primary antibody Detroit, MI, USA) and two boosts in incomplete omission, incubation with pre-immune rabbit serum Freund's adjuvant (Difco) were administered on days and immunohistochemical assays performed on a non-14 and 28. The rabbit was bled 10 days after the last injection. Immunoglobulins G (IgG) were purified by infected cat.
[31]. Therefore, subsequent experiments were performed by cultivation of the fungus on cat keratincontaining medium for 12 days.
Purification of the keratinolytic proteinase
The results of the purification are summarized in Table 1 and Fig. 3 . Two major proteins bound to bacitracinagarose (Fig. 2) . Gradient elution separated the keratinase (second peak) from most of the contaminating proteins. This first affinity-based chromatographic step allowed an 81% recovery rate of the proteinase with a 10-fold purification (Table 1) . Analysis by SDS-PAGE revealed that the proteinase was weakly contaminated with a protein of ≈45 kDa (Fig. 3) , which was eluted essentially in the first peak on bacitracin-agarose (data not shown). After gel filtration, SDS-PAGE revealed a single band with no significant contamination except by what were assumed to be products of autolysis. These were removed by an additional step on bacitracin-agarose (Fig. 3) . The purified enzyme was shown to be keratinolytic using keratin azure.
Molecular characterization
SDS-PAGE revealed a single polypeptide chain with an apparent molecular mass of 31·5 kDa (Fig. 3, lane  4) . The pI was 11·8. The enzyme was not glycosylated. Partial N-terminal amino acid sequencing (15 residues) 
Kinetic parameters
AAPF-pNa, a synthetic substrate for chymotrypsins and subtilisins, proved to be an excellent substrate for the purified enzyme ( Table 2 ). The highest affinity (K m of 0·37 m) and physiological efficiency (k cat /K m ) were
Results

obtained with this tetrapeptide which contains an aro-
Enzyme production matic residue at the P-1 site. The substrate N-Suc-AAPL-pNa, which can be cleaved by both elastase The enzyme production on minimal medium containing and chymotrypsin was also hydrolysed, but two other cat keratin was followed as a function of time. The substrates more specific for elastase, N-Suc-AAVA-pNa enzyme activities using keratin azure or AAPF-pNa as and N-Suc-AAA-pNa were, respectively, less and minsubstrate were simultaneously detected after several imally affected by the enzyme. days of culture and reached a maximum around day 12 ( Fig. 1) . Keratinolytic activity was not observed in the culture supernatant when the fungus was grown in pH and temperature optima and stability minimal medium with peptone instead of keratin, in
The optimum pH value for activity of the proteinase malt medium (bacto-malt extract (Difco), 20 g l
), in potato glucose yeast medium [30] or in Borelli medium was found around pH 9, the residual activity remaining above 60-80% depending upon the buffers used between agents dithiothreitol and 2-mercaptoethanol). EDTA, a metal chelator, inhibited the activity in a dose-depH 6 and pH 10 (Fig. 5a ). The enzyme was rapidly inactivated after exposure at pH 11 whereas 60% of the pendent manner. Slight effects were observed for elastatinal and tosyl phenylalanyl chloromethyl ketone activity was preserved after a 50-h exposure between pH 4 and 7·5 (Fig. 5b) .
(TPCK), an elastase-like and a chymotrypsin-like serine protease inhibitors, respectively. The trypsin inhibitors The apparent optimum temperature for enzyme activity was around 55°C (Fig. 6a) . However, this (tosyl lysyl chloromethyl ketone (TLCK), leupeptin, ovomucoid) except SBTI, and an aspartyl proteinase apparent optimum temperature profile appeared to be the result of a kinetic effect as protein denaturation inhibitor (pepstatin) did not inhibit enzyme activity. occurred with increasing temperature. Indeed, the keratinolytic proteinase was stable at 37°C, but was rapidly
Histochemistry and immunohistochemical detection of
inactivated after exposure at 50°C (Fig. 6b) .
proteinase in M. canis-infected cats
The PAS method allowed the visualization of the fungus
Inhibition studies
by staining the wall of both the hyphae and the conidia in pink and purple red, respectively (Fig. 7a,b) in the Results are summarized in Table 3 . PMSF, SBTI and chymostatin, two serine and a chymotrypsin/cysteine three naturally infected cats. In all the cats, a clear immunohistochemical signal was observed in the inproteinase inhibitors, respectively, strongly inhibited enzyme activity. The enzyme was not affected by other tradermal and the intra-epidermal portions of infected hair structures using the IgG produced against the kercysteine proteinase inhibitors (the alkylating agents Nethylmaleimide and iodoacetamide and the reducing atinolytic proteinase. Staining was essentially observed 
Hydrolysis was not detected for the following substrates: N-Suc-L- consistently negative, and Western blotting revealed that serine proteinase [47] .
the IgG was specific for a single band of 31·5 kDa corresponding to the keratinase (data not shown).
in the hyphae-colonized part of infected hair (Fig. 7) .
Discussion
Depending on the sections, the surrounding ectothrix arthroconidia were irregularly stained and on the whole A feline clinical isolate of M. canis produced an extracellular keratinolytic enzyme in a minimal liquid less than the hyphae (data not shown). All controls were agarose and size-exclusion chromatography on ACA 44. The enzyme appeared to be homogeneous by The keratinase was found to be secreted as the major proteinaceous component. The substitution of keratin SDS-PAGE and isoelectric focusing. Optimum pH, inhibition profile and kinetic constants for various synby peptone (at a concentration of 0·52%, w/v), as well as the use of protein-and/or starch-enriched media thetic substrates revealed the keratinase to be a subtilisinlike serine protease. The enzyme has an apparent mofailed to stimulate the secretion of the keratinase. This would suggest that the secretion of keratinase is inlecular mass of 31·5 kDa. Consequently, it appears to be different from the M. canis 45 kDa keratinase described ducible in vitro, as described previously for M. canis [17, 34] but also for T. rubrum [3] , S. brevicaulis [35] and previously [18] . The M. canis 33 kDa keratinase reported previously [19] and ours present some similarities with Aspergillus fumigatus [36] . It would also suggest that easily metabolized carbon and nitrogen sources repress regard to their apparent molecular mass and their alkaline optimum pH; unfortunately, the very limited proteinase secretion in vitro [3, 8, 34, 37] .
The keratinase was purified with a high recovery rate characterization of the enzyme reported by these authors did not allow the formulation of firm conclusions about of 77% by a simple and reproducible three-step method involving affinity chromatography on bacitracinthe possible identity between the two enzymes. Keratinolytic proteinases were also isolated from the keratinophilic fungi, H. toruloidea [12] and S. brevicaulis [13] . The M. canis keratinase had an unusually high pI dermatophytes T. mentagrophytes [9] [10] [11] and T. rubrum [7, 8] and from two other non-dermatophyte but of 11·8 and displayed a high k cat /K m value towards the microscopy that keratinase was present only in the cell In summary, we have purified and characterized a M. canis keratinolytic subtilisin-like serine protease (EC The following substances did not inhibit the enzyme activity 3.4.21.14) and shown it to be present in the hair of (residual activity above 95%): N-ethylmaleimide 2 m, naturally infected cats. It is, to our knowledge, the iodoacetamide 1 m, dithiothreitol 1 m, 2-mercaptoethanol 1%, first report which demonstrates that a subtilisin is leupeptin 100 , pepstatin 10 , TLCK 100  and ovomucoid 100 g ml . keratinolytic in vitro and strongly suggests a similar invivo activity. Further investigations will be undertaken to determine the biological significance of this prochymotrypsin substrate AAPF-pNa. The activity was opteinase in vivo, particularly in the cat, the natural host timal at a pH of around 9, as in the case of most of the and reservoir for M. canis. aforementioned keratinolytic proteinases. Furthermore, the inhibition profile of M. canis keratinase revealed sev-
